The formation of an integrated memory for a pattern of stimulation could be based on the elements of that pattern becoming directly linked to one another, or by each of the elements becoming linked to a shared separate configural representation. These 2 accounts have proven difficult to discriminate between. Here, rats received exposure to four patterns of stimulation, each consisting of an auditory stimulus, a visual context, and a time of day; and we examined whether pre-training lesions to the hippocampus influenced memory for the patterns. These lesions abolished pattern memory that required configural processes (Experiments 1A and 1B) but had no effect on pattern memory that could be supported by elemental processes (Experiment 2). This dissociation provides support for the views that elemental and configural processes ordinarily support pattern memory and that rats with lesions to the hippocampus are left reliant on elemental processes.
The issue of how animals represent patterns of stimulation has provoked interest across a broad range of disciplines (including learning theory, artificial intelligence, and neuroscience) and two basic classes of theoretical analysis can be identified. One class of model assumes that the presentation of a pattern results in the formation of links among its elements, and this web of links allows the future encounters with any one element to retrieve the entire pattern (Hebb, 1949; see also, McLaren, Kaye & Mackintosh, 1989; McLaren & Mackintosh, 2002) . A second class assumes that the elements of a pattern become linked to a common, independent configural unit (e.g., Pearce, 1994) . In the context of studies of discrimination learning, these alternative theoretical positions have proven surprisingly difficult to disentangle, either on the basis of behavioral manipulations (Wagner, 2003) or neural manipulations (O'Reilly & Rudy, 2001 ). There is, however, some recent evidence that is consistent with the view that both elemental and configural processes contribute to some forms of pattern memory (cf. ; see also Bussey & Saksida, 2002) . Iordanova, Burnett, Aggleton, Good, and Honey (2009) reported a study in which rats were preexposed to four patterns that each consisted of a time of day (morning or afternoon), a context (spotted or checked), and an auditory stimulus (tone or clicks): morning ϩ spotted ϩ tone, morning ϩ checked ϩ clicks, afternoon ϩ spotted ϩ clicks, and afternoon ϩ checked ϩ tone (see the what-where-when procedure depicted in the upper panel of Figure  1 ). The rats then received a revaluation procedure in which they were placed in an undecorated chamber at midday and were given pairings of the tone with mild footshock and presentations of the clicks that were not paired with shock. In the critical test, rats again received morning and afternoon sessions in which they were placed in spotted and checked contexts, but now without the auditory stimuli. The rats showed more freezing during the wherewhen patterns that accompanied the tone during preexposure (i.e., morning ϩ spotted and afternoon ϩ checked) than during the patterns that accompanied the clicks during preexposure (i.e., morning ϩ checked and afternoon ϩ spotted). Given that each of the components of the test patterns was paired equally often with the tone during preexposure, the test results suggest that the preexposed patterns had been encoded configurally and that the test patterns retrieved a configural memory that involved the now aversive tone during the test. Critically, Iordanova et al. (2009) also showed that whereas the just-described effect was abolished in rats with hippocampal lesions, such lesions did not influence another pattern memory procedure. Briefly, in this second procedure, rats received preexposure to two patterns. In the what-where procedure they received preexposure to morning ϩ spotted ϩ tone and morning ϩ checked ϩ clicks; and in the what-when procedure they received preexposure to morning ϩ spotted ϩ tone and afternoon ϩ spotted ϩ clicks. After preexposure, the rats were given the same revaluation procedure that involved the tone and clicks that was earlier described. During the test, both control rats and those with hippocampal lesions showed more fear to the context (in the what-where procedure) or time of day (in the what-when procedure) that had accompanied the tone during preexposure.
The description of the two types of procedure presented above suggests that the test results of the what-where-when procedure required rats to have encoded the patterns configurally, whereas both the what-where and what-when procedures only required Figure 1 . Schematic of experimental designs used in Experiments 1A, 1B, and 2. Each experiment involved three stages (left to right). In the first stage, rats were first placed in two visually distinct contexts in the morning and afternoon, where they received auditory stimuli. In the second stage, rats received presentations of both auditory stimuli, one of which was paired with shock. Finally, freezing was assessed in both contexts in the morning and afternoon. them to form elemental associations between the auditory stimulus and time of day or context. Described in this way, the dissociation observed in rats with hippocampal lesions between these two types of procedures (what-where-when vs. what-where and whatwhen) provides support for the views that either configural or elemental processes can support pattern memory and that lesions of the hippocampus leave rats reliant on elemental processes (cf. ). This conclusion is theoretically interesting, but there is another potential analysis of the dissociation observed by Iordanova et al. (2009) that does not require one to appeal to two processes of mnemonic integration, but rather to a process of pattern separation the operation of which interacted with the number of patterns presented in the two types of procedure.
The number of training patterns in the two types of procedures used in the Iordanova et al. (2009) were not matched: There were four in the what-where-when procedure and two in both of whatwhere and what-when procedures. Consequently, the test results not only differed from one another in the extent to which they could be supported by elemental or configural processes but also in terms of the demands placed on forming (or using) separate memories for the training patterns. At first sight, this suggestion might seem somewhat arbitrary. However, it has been suggested that the hippocampal formation supports the process of pattern separation-a process that increases the distinctiveness of the representations of similar patterns (e.g., O'Reilly & McClelland, 2004) . It is possible that the patterns in both types of integration procedure were encoded configurally but that the operation of a process of pattern separation was more critical, and more reliant on the hippocampus, when there were four patterns (e.g., morning ϩ spotted ϩ tone, morning ϩ checked ϩ clicks, afternoon ϩ spotted ϩ clicks, and afternoon ϩ checked ϩ tone) than when there were only two (e.g., morning ϩ spotted ϩ tone and morning ϩ checked ϩ click).
Given the potential theoretical importance of the dissociation observed by Iordanova et al. (2009) , the two experiments reported in this article investigated whether it reflected the differing demands placed by the two types of procedure on (a) configural processing per se (e.g., , or (b) pattern separation (e.g., O'Reilly & McClelland, 2004 Iordanova et al. (2009) . If the reported dissociation reflects that the two types of procedure place different demands on a process of pattern separation, then the impact of hippocampal lesions should be more evident as the demands placed on this process are increased independently of the nature of the procedure: what-where-when versus whatwhere and what-when. However, if the dissociation observed by Iordanova et al. (2009) reflects the selective involvement of the hippocampus in configural processes, then the impact of lesions to this structure should be most marked in those procedures in which configural processes are most relevant.
Experiment 1
There were two principal groups of rats in Experiments 1A and 1B. Rats in Group Hippocampal were given excitotoxic lesions of the hippocampus, and those in Group Sham were given a sham lesion. After recovery from surgery, all rats were preexposed to four patterns (see Figure 1) . In Experiment 1A, these patterns were the same as those given to rats in the what-where-when procedure used by Iordanova et al. (2009) , that each shared one component with one of the other patterns (i.e., morning ϩ spotted ϩ tone, morning ϩ checked ϩ clicks, afternoon ϩ spotted ϩ clicks, and afternoon ϩ checked ϩ tone). In Experiment 1B, rats received exposure to two, three-component patterns that shared no overlapping components (e.g., morning ϩ spotted ϩ tone and afternoon ϩ checked ϩ clicks) and two further two-component patterns with no overlapping components (e.g., morning ϩ checked and afternoon ϩ spotted); the three-component patterns shared one element with each of the two-component patterns. Subsequently, all rats were placed in a third context at midday and received a revaluation treatment that consisted of pairing one of the auditory stimuli (e.g., tone) with shock and the other auditory stimulus (e.g., clicks) with no shock. Finally, fear was assessed to the four where-when combinations (i.e., morning ϩ spotted, morning ϩ checked, afternoon ϩ spotted, and afternoon ϩ checked) without the auditory stimuli. On the basis of the results reported by Iordanova et al. (2009) , in Experiment 1A, rats in Group Sham but not those in Group Hippocampal, should show more fear during the morning ϩ spotted and afternoon ϩ checked patterns than during the other patterns. In Experiment 1B, there were only two patterns involving auditory stimuli (i.e., morning ϩ spotted ϩ tone and afternoon ϩ checked ϩ clicks; see Figure 1 ) and these patterns were more different from one another than were those in the what-where (i.e., morning ϩ spotted ϩ tone and morning ϩ checked ϩ clicks) and what-when (i.e., morning ϩ spotted ϩ tone and afternoon ϩ spotted ϩ clicks) procedures used by Iordanova et al. (2009) . On these grounds, the demands placed on pattern separation should be less marked than in both the what-where-when procedure in Experiment 1A and the what-where and what-when procedures used by Iordanova et al. (2009) . If the dissociation observed by Iordanova et al. (2009) reflected disruption to process of pattern separation, then Group Hippocampal and Sham in Experiment 1B should show more fear during the morning ϩ spotted test pattern than during the other pattern (e.g., afternoon ϩ checked). However, it remains the case that in Experiment 1B, as in Experiment 1A, the context ϩ time of day patterns are unique in that they consistently co-occur with a specific auditory stimulus: The tone only occurs in the spotted context in the morning, and clicks only occur in the checked context in the afternoon. If this configural information is encoded then, after the revaluation stage, the rats should exhibit more fear during the morning ϩ spotted pattern than during the other patterns, and this effect should be disrupted in Group Hippocampal.
Method
Subjects. Twenty-eight naïve adult male hooded Lister rats (Rattus norvegicus; supplied by Harlan Olac Ltd., United Kingdom) were used in both Experiments 1A and 1B (ad libitum weight ranges prior to surgery: Experiment 1A ϭ 400g Ϫ 650g and Experiment 1B ϭ 288g Ϫ 334g). The rats were housed in pairs in a temperature-controlled colony room illuminated between 8 a.m. and 8 p.m., and all procedures were conducted between these hours. Food and water were available ad libitum in the home cages throughout the experiment. Animal husbandry and experimental procedures were conducted in accordance with the "Principles of laboratory animal care" (NIH publication No. 85-23, revised 1985) and the U.K. Animals (Scientific Procedures) Act (1986).
Surgery. There were two groups in Experiments 1A and 1B: sham and hippocampal. All rats were first anesthetized, using an isoflurane-oxygen mix and then placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA). The bone above the region to be lesioned was removed, and rats in Group Hippocampal were infused with ibotenic acid (Biosearch Technologies, San Rafael, CA; dissolved in phosphate-buffered saline [pH 7.4 ] to provide a solution with a concentration of 63 mM) through a 2-l Hamilton syringe held with a microinjector (Kopf Instruments, Model 5000). Table 1 shows the coordinates and volumes (cf. Iordanova et al., 2009) . A total of 14 infusions per hemisphere were made with an infusion rate of 0.05 l/min and diffusion time of 2 min. Rats in Group Sham received an identical treatment with the exception that the dura was perforated with a 25-gauge Microlance3 needle (Becton Dickinson, Drogheda, Ireland), but no fluid was infused into the brain. A minimum of 14 days postoperative recovery was allowed before behavioral testing began. During the first 4 days postsurgery, all rats were given pain relief medication (62.5 mg commercial paracetamol) in their drinking water, which was changed daily. The weights of the rats were monitored every day, and behavioral testing did not commence until all rats had established their preoperative weights.
Apparatus. Four chambers (23.0 cm ϫ 24.5 cm ϫ 21.0 cm, L ϫ W ϫ H; supplied by Camden Instruments Ltd., United Kingdom) arranged in a 2 ϫ 2 array were used for the exposure and test stages of all experiments. Each chamber was constructed from three aluminum walls, an aluminum ceiling, and a plastic wall that served as the door to the chamber. The walls and ceilings of the top pair of boxes in the array were decorated with spotted laminated paper (black circles on a white background), whereas the walls and ceiling of the lower two chambers were decorated with black-and-white checked laminated paper (for further details, see Honey & Watt, 1999) . A series of stainless steel rods, 0.50 cm in diameter and 1.5 cm apart (center to center), served as the chamber floor. Below the floor was a tray containing a 24 cm ϫ 23 cm absorbent sheet. Each chamber was locally illuminated by a single 15-V, 24-W jewel light positioned in the center of the ceiling, and the chambers also received ambient illumination from the experimental room light. The chambers were placed in separate sound-attenuating cabinet, but the door of each cabinet was left open to permit observation of each rat during the test phase. A Panasonic VHS movie camera (model no. NV-M40) was used to record the behavior of the rats.
Two further chambers were used for the revaluation procedure. These chambers were identical to those used during the exposure and test stages with the following exceptions: The conditioning chambers were placed below the set of four chambers described above; they were neither locally illuminated by a houselight nor by the experimental room light and were not housed in a soundattenuating cabinet. A 0.5-s, 0.5-mA electric shock could be delivered to the grid floor of the chambers by using a shock generator that was linked to a shock scrambler (Camden Instruments Ltd., Models 521C and 521S, respectively). Each of the chambers was equipped with a speaker mounted above the ceiling. This speaker was used to deliver a 2-kHz tone and a 10-Hz click presented at an intensity of, approximately, 78 dB (A; Brüel and Kjaer, Type 2235). To avoid auditory contamination between the chambers, during exposure and conditioning, the auditory stimulus presented at any point in time was the same in each of the chambers.
Behavioral procedures. Figure 1 provides a summary of the designs of Experiments 1A and 1B that were both conducted over the course of 9 days. On each of the first 4 days (the exposure stage), rats were placed in two visual contexts (spotted and checked) in the morning and the same two visual contexts in the same sequence in the afternoon (spotted and then checked for half of the rats, and checked and then spotted for the remainder). The order in which the visual contexts were presented for the 4 days of exposure was the same for any given rat. There was an interval of approximately 7 hr between the first pair of sessions and second pair of sessions within each day. Morning sessions took place between 9 a.m. and 11 a.m., and afternoon sessions took place between 5 p.m. and 7 p.m. Each exposure to a visual context lasted 5 min, and there was an interval of 5 min between exposure to spotted and checked contexts, during which the rats were placed in their holding cages and taken back to the holding room. In Experiment 1A, in the morning, one auditory stimulus (e.g., a tone) was presented in one visual context (e.g., spotted), and the second auditory stimulus (e.g., a series of clicks) was presented in the other context (e.g., checked); and in the afternoon this arrangement was reversed (e.g., the clicks were presented in the spotted context and the tone in the checked context; see Figure 1 ). In Experiment 1B, one auditory stimulus (e.g., a tone) was presented in one of the visual contexts (e.g., spotted) in the morning, and the second auditory stimulus (e.g., a series of clicks) was presented in the other context (e.g., checked) in the afternoon (see Figure 1 ). There were ten 10-s presentations of each auditory stimulus during each of the four (Experiment 1A) or two (Experiment 1B) sessions. The interval between presentations within a session was 20 s, and the first auditory stimulus was presented 20 s after the rat was placed in a given visual context. The assignments of visual contexts (i.e., spotted and checked) and auditory cues (i.e., tone and clicks) to their designated roles in the morning and afternoon were fully counterbalanced. Following the end of each session the rats were replaced in their holding cages and taken back to the colony room where they remained between sessions.
On Days 5 and 6, the rats received aversive conditioning at approximately midday (between 12:30 p.m. and 2:30 p.m.). On Day 5, rats received two sessions. In one session they were placed in the undecorated chamber for 90 s during which they received three presentations of one of the auditory stimuli (e.g., the tone) that were separated by 20 s. Each presentation of this stimulus terminated with the delivery of footshock. The other session was identical with the exception that the remaining stimulus (e.g., clicks) was presented and there were no footshocks. In between the two sessions, the rats were removed from the undecorated chamber and placed in their home cage in the holding room for 20 min. On Day 5, for half of the rats the first session involved pairings of an auditory stimulus with shock and the second did not, and for the remainder this arrangement was reversed. On Day 6, the order in which the rats received the two types of sessions was reversed with respect to the order on Day 5.
On Days 7 and 8, rats received test sessions in which freezing in the spotted and checked contexts were assessed in both the morning and the afternoon. These sessions occurred at approximately the same times of day as during the exposure stage. Each test session was 3 min. During the 3-min interval between pairs of test trials, and in the interval between the morning and afternoon test sessions, rats were placed in their home cages (which were returned to the holding rooms in between morning and afternoon sessions). On Day 7, half of the rats received the test order spotted:checked in both the morning and afternoon test sessions, and the remainder received the test order checked:spotted in both sessions. For half of the rats in each of these subgroups, the first visual context that was presented in the morning was the one that should retrieve a memory of the auditory stimulus that had been paired with shock, and the second visual context should not; whereas in the afternoon the opposite was the case. For the remaining rats, these arrangements were reversed. On Day 8, the order in which the contexts were presented was reversed for each rat with respect to the test order on Day 7. Finally, on Day 9 the levels of freezing provoked by the tone and clicks were evaluated. This test was arranged in an identical way to the revaluation phase with the exception that no shocks were delivered and the ceiling light of each chamber was switched on to allow for videotaping of the animals.
Histology. Following behavioral testing, all rats received a lethal overdose of sodium pentobarbitone (Euthatal). Rats were then transcardially perfused, first with 0.9% saline and then with 10.0% formal-saline. Their brains were extracted, postfixed for at least 24 hr, and then transferred to phosphate-buffered (0.1 M) 30.0% sucrose solution in which they remained for a further 24 hr. Subsequently, all brains were frozen in a Ϫ20°C cryostat and sectioned coronally. The 40-m sections were collected on gelatin-coated slides, left to dry for 24 hr at room temperature, and then stained with cresyl violet. The sections were examined under a microscope. The histological borders and nomenclature for the hippocampal lesions were verified with reference to the boundaries defined by Swanson (1992) .
Scoring and behavioral measures.
During the tests, the behavior of the rats was videorecorded, and their tendency to freeze (i.e., to be inactive) was rated by using a time-sampling procedure. In this procedure, each rat was observed every 2 s and scored as either freezing/inactive or moving/active. Freezing was defined as the absence of all movements, except for those related to breathing, and was rated by observers who were blind with respect to the treatment received by the rats (DJB and LM for Experiment 1A, and MDI for Experiments 1B and 2). In Experiment 1A, to reduce individual variability in the levels of freezing, the percentages of observations in which freezing was observed were converted into two ratio scores for rats in Experiment 1: one for the morning and one for the afternoon test (cf. Iordanova et al., 2009; Iordanova, Good, & Honey, 2008; Iordanova, Good, & Honey, in press ). These morning and afternoon ratios were calculated in the same way: percentage of freezing in the visual context that should be feared in the morning (e.g., spotted), because spotted ϩ morning had previously been paired with the revalued auditory stimulus (e.g., the tone in the upper panel of Figure 1 ), divided by the total percentage of freezing in both contexts at the designated time of day. Using this ratio, a score above .50 in the morning indicates that the rat showed greater freezing to the configuration (e.g., spotted ϩ morning) that should retrieve the revalued auditory stimulus (e.g., the tone) than to the configuration (e.g., checked ϩ morning) that should retrieve the other auditory stimulus (e.g., clicks). A score below .50 in the afternoon indicates that the rat is showing more freezing to the configuration (e.g., checked ϩ afternoon) that should retrieve the revalued auditory stimulus, than to the remaining configuration (e.g., spotted ϩ afternoon). In Experiment 1B, there was no straightforward ratio to compute, and therefore the percentages of observations on which there was freezing were computed for the four types of test trial. The reference test pattern, in which the revalued stimulus had been presented during preexposure, was designated where ϩ when ϩ (e.g., spotted ϩ morning in Figure 1 ). The pattern involving the same time of day, but the other context, was designated where -when ϩ (e.g., checked ϩ morning), whereas the pattern involving the same context but at the other time of day was designated where Ϫ when ϩ (e.g., spotted ϩ afternoon). The remaining trial was designated wherewhen Ϫ (e.g., checked ϩ afternoon).
Results

Behavioral analyses.
Figure 2 depicts the mean freezing ratios for Experiment 1A, and inspection of this figure reveals that in Group Sham the ratios varied as a function of time of day, being higher than .50 in the morning (a.m.) and lower than .50 in the afternoon (p.m.). This pattern of results indicates that the distribution of freezing to the two contexts (spotted and checked) differed as a function of time of day. Thus, the where-when test combinations that had been paired with the revalued stimulus (e.g., the tone) during the preexposure stage (i.e., morning ϩ spotted and afternoon ϩ checked) provoked more fear than the remaining combinations. However, there was no indication that ratios in Group Hippocampal varied as a function of time of day (a.m. or p.m.); for this group, both ratios were close to .50. Analysis of variance (ANOVA) revealed that there was no effect of group (F Ͻ 1), no effect of time (morning vs. afternoon), F(1, 26) ϭ 2.66, p Ͼ .05), but there was a significant interaction between these factors, F(1, 26) ϭ 5.68, p Ͻ .05. An analysis of simple main effects revealed that there was a difference in the freezing ratios between the morning and afternoon for Group Sham, F(1, 26) ϭ 6.62, p Ͻ .05, but not for Group Hippocampal (F Ͻ 1). An analysis of the baseline freezing levels during the where-when combinations that were not associated with the revalued auditory stimulus revealed no differences between the groups (sham ϭ 43%, hippocampal ϭ 32%), t(26) ϭ 1.30, p Ͼ .05. These results provide evidence that damage to the hippocampus does not disrupt the levels of contextual freezing, per se. The levels of freezing to the auditory stimulus paired with footshock during the final test (sham ϭ 32%, hippocampal ϭ 35%) were greater than to the auditory stimulus that was not paired with shock (sham ϭ 24%, hippocampal ϭ 28%), F(1, 26) ϭ 15.06, p Ͻ .05; and there was no effect of group, F(1, 26) ϭ 1.95, p Ͼ .05; and no interaction between these two factors (F Ͻ 1). These results provide evidence that lesions to the hippocampus did not impair the ability of rats to acquire differential conditioned fear during the auditory stimuli.
The mean levels of freezing for Group Sham in Experiment 1B were as follows: 32.29% (SEM ϭ Ϯ4.21) for where ϩ when ϩ; 25.04% (SEM ϭ Ϯ3.73) for where ϩ when Ϫ; 24.27% (SEM ϭ Ϯ3.62) for where -when ϩ; and 24.97% (SEM ϭ Ϯ4.85) for where -when Ϫ. That is, rats in Group Sham showed more fear during the where-when combination that had been paired with the revalued auditory stimulus (i.e., where ϩ when ϩ) than any of the remaining configurations. This pattern of results was not evident in Group Hippocampal, whose corresponding scores were as follows: 28.66% (SEM ϭ Ϯ 4.46) for where ϩ whenϩ; 26.67% (SEM ϭ Ϯ 5.27) for where ϩ when Ϫ; 30.23% (SEM ϭ Ϯ 4.28) for where -when ϩ; and 35.09% (SEM ϭ Ϯ 6.62) for where -when Ϫ. ANOVA revealed that there was no effect of group or test trial, largest F(3, 78) ϭ 1.75, p Ͼ .05, but there was an interaction between these factors, F(3, 78) ϭ 3.09, p Ͻ .05. Analysis of simple main effects revealed that there was an effect of configuration in Group Sham, F(3, 78) ϭ 2.97, p Ͻ .05, but no such effect in Group Hippocampal, F(3, 78) ϭ 2.01, p Ͼ .05. Duncan's test revealed that in Group Sham the level of fear on the where ϩ when ϩ test trial differed from the level of fear on each of the other trials (ps Ͻ .05).
Histological analyses. The left-hand panel of Figure 3 shows a series of coronal sections through the rat brain (adapted from Paxinos & Watson, 1998) with the maximum (gray) and minimum (black) extent of cell loss for rats included in the behavioral analysis for Group Hippocampal in Experiment 1. Analysis of one rat revealed that there was no damage to the hippocampus, and this rat was therefore included in Group Sham (Experiment 1A). Two rats had extensive damage to the cortex and in areas beyond the hippocampal formation in both dorsal and ventral areas. These two rats, and two rats that did not recover from anesthesia, were excluded from the Group Hippocampal. The final number of rats included in the behavioral analysis described above was 17 and 12 for Group Hippocampal in Experiment 1A and 1B, respectively. The final number of rats in Group Sham was 11 and 16 in Experiment 1A and 1B, respectively.
Histological analyses for the remaining rats in Group Hippocampal revealed that damage was more extensive in the dorsal compared to the ventral parts of the hippocampus in all cases. This damage included CA1, CA3, the caudal parts of the dorsal subiculum, and the medial and lateral blade of the dentate gyrus (with some sparing of the medial blade in the left hemisphere in 10 rats). The mean amount of cell loss in the dorsal hippocampus was 93%. In the ventral parts of the hippocampus, sparing was seen in the most ventral parts of the lateral blade of the dentate gyrus, the CA1 and CA3 in rostral sections. Damage to the caudal parts of the ventral subiculum was present in all rats. The mean amount of cell loss in the ventral hippocampus was 54%.
All rats sustained some limited damage dorsal to the hippocampus including the primary and secondary motor areas, the deep layers of the primary somatosensory area, the parietal region of the posterior association area, and parts of the primary and rostrolateral visual areas. In 3 rats there was very limited damage to the dysgranular retrosplenial cortex. No damage extended ventrally of the dorsal hippocampus, leaving the mediodorsal and laterodorsal thalamic nuclei intact.
Discussion
The results of Experiment 1A replicate those reported by Iordanova et al. (2009) in showing that rats can form integrated memories for patterns of stimulation (involving time of day, visual contexts, and auditory stimuli) and that this capacity was not evident in rats with lesions of the hippocampus. This pattern of results suggests that rats with hippocampal lesions are unable to form configural representations for the what-where-when patterns of stimulation. This interpretation receives support from the results of Experiment 1B in which rats in Group Sham exhibited higher levels of fear during the test pattern that had accompanied the revalued stimulus during preexposure (i.e., the where ϩ when ϩ test pattern) than during the where Ϫ when Ϫ test pattern that had accompanied the nonrevalued stimulus during preexposure. The secondary observation that there was no more fear during the where ϩ when Ϫ or where Ϫ when ϩ test patterns (where or when the revalued stimulus had been presented) than during the wherewhen Ϫ trial, suggests that rats in Group Sham had encoded the original training patterns in a configural manner. This finding is consistent with the fact that elements of the combinations were not consistent predictors of the two auditory stimuli (cf. Rescorla & Freberg, 1978) . The rats in Group Hippocampal showed similar levels of fear to all of the test combinations. This finding, like those from Experiment 1A and Iordanova et al. (2009) , suggests that the hippocampus contributes to configural processing of patterns of stimulation. The aim of Experiment 2 was to assess whether rats with hippocampal lesions can represent patterns of stimulation (e.g., what happened where or when) when it was possible to do so on the basis of elemental processes, but where the demands on the process of pattern separation were equated to those that operate during preexposure to four what-where-when patterns in Experiment 1A.
Experiment 2
The experimental designs used in In the what-where procedure, in both morning and afternoon sessions, one auditory stimulus (e.g., the tone) was consistently presented in one context (e.g., spotted) and the other stimulus (e.g., clicks) was presented in the remaining context (e.g., checked). In contrast, in the what-when procedure, one auditory stimulus (e.g., the tone) was consistently presented in both contexts at a given time of day (e.g., in the morning in both spotted and checked contexts) and the other stimulus (e.g., clicks) was presented in both contexts at the other time of day (e.g., in the afternoon in both contexts). The revaluation and test stages of Experiment 2 were the same as in Experiment 1. Briefly, after revaluation training in which one auditory stimulus was paired with shock and one with no shock, rats were placed in both contexts in the morning and the afternoon. On the basis of the view that rats with hippocampal lesions can acquire elemental associations (cf. Iordanova et al., 2009) , we anticipated that rats in both Group Sham and Hippocampal would show more fear to the context that was paired with the revalued auditory stimulus than the other context (in the what-where procedure) and that rats in both groups would also show more fear at the time of day paired with the revalued stimulus than at the other time of day (in the what-when procedure). However, if our previous findings (i.e., Iordanova et al., 2009) 
Method
Subjects, apparatus, and procedures. Forty-eight rats were used from the same stock and age as those described in Experiment 1 (ad libitum weight range prior to surgery: 291g Ϫ 362g). The rats were housed and maintained under identical conditions to those described in Experiment 1. The surgical and histological procedures, as well as the apparatus, were identical to those described in Experiment 1. The lower panel of Figure 1 provides summaries of the what-where and what-when procedures from Experiment 2 that were both conducted over the course of 8 days. On each of the first 4 days (the preexposure stage), rats were placed in two contexts (spotted and checked) in the morning, and the same two contexts in the same sequence in the afternoon (spotted and then checked for half of the rats and checked and then spotted for the remainder). The behavioral procedures were identical to those described for Experiment 1 with the following exception: In the what-where procedure, one auditory stimulus (e.g., a tone) was presented whenever rats were placed in one of the visual contexts (e.g., spotted), and the remaining auditory stimulus (e.g., clicks) was presented whenever rats entered the other visual context (e.g., checked). In the what-when procedure, one auditory stimulus (e.g., a tone) was presented whenever rats entered a context in the morning (i.e., in both the spotted and checked contexts), and the remaining auditory stimulus (e.g., clicks) was presented whenever the rat entered a context in the afternoon. Revaluation (Days 5 and 6) and test (Days 7 and 8) sessions were identical to those described for Experiment 1.
Behavioral measures.
For both the what-where and whatwhen procedures, a freezing ratio was calculated (cf. Experiment 1A; see also Iordanova et al., 2009) . The ratios for the what-where procedure took the same form as Experiment 1A: freezing in the visual context that had signaled the auditory stimulus that was later paired with shock, divided by freezing during both visual contexts. Using this measure, scores above .50 indicate that a rat is showing more freezing in the visual context that had been paired with the revalued auditory stimulus (e.g., the tone in the lower panel of Table 1 ) than the other visual context. For the rats in the whatwhen procedure the ratios took a similar form: freezing at the time of day that was previously paired with the revalued auditory stimulus, divided by freezing at both times of day. Again, scores above .50 indicates that a rat is showing greater freezing at the time of day at which the revalued auditory stimulus (e.g., the tone in the lower panel of Table 1 ) had been presented during the first stage of training, than at the other time of day.
Results
Behavioral analyses. The mean freezing ratios for Experiment 2 are shown in Figure 4 . Inspection of this figure reveals that the ratios for both groups of rats, sham and hippocampal, were above .50 during the tests for the what-where and what-when procedures. There was also some tendency for the scores to be higher for the what-when procedure than for the what-where procedure. These impressions were supported by an ANOVA, which revealed no effect of lesion (F Ͻ 1); an effect of procedure, F(1, 39) ϭ 17.69, p Ͻ .05; and no interaction between these two factors, F(1, 39) ϭ 1.08, p Ͼ .05. Subsequent fixed single t test analysis confirmed that the ratios were different from chance (i.e., son, 1998) showing the maximum (gray) and minimum (black) extent of hippocampal damage for rats included in the behavioral analyses for the what-where and what-when procedures, respectively. One rat was excluded from the what-where behavioral analysis due to having extensive sparing of CA1 and CA3, and one rat did not recover from anesthesia, leaving 10 rats in Group Hippocampal in the what-where condition. One rat from Group Sham did not recover from anesthesia, leaving 11 rats in that group. Two rats from the what-when condition in Group Hippocampal were also excluded from the behavioral analysis on histological grounds, thus leaving 10 rats in this group.
As in Experiment 1, histological analyses revealed greater extent of cell loss in the dorsal compared to the ventral parts of the hippocampus in both the what-where and what-when conditions. What-where: Damage to the CA1 and CA3 was present in all rats with the exception of 4 rats, which exhibited some sparing of the CA3 in the left hemisphere. Sparing of the lateral and medial blades of the dentate gyrus was seen in only 3 and 5 rats, respectively. In the ventral hippocampus, sparing of the CA1 and CA3 was observed in 8 and 2 rats, respectively, and predominantly in the most rostral sections of the ventral hippocampus. Sparing of the lateral blade of the dentate gyrus was observed in 9 rats. Damage to the dorsal and ventral subiculum was greater in caudal compared to rostral areas. The mean amount of cell loss in the dorsal and ventral hippocampus in the what-where condition was 80% and 50%, respectively. What-when: Damage to the CA1 and CA3 was evident in all rats, whereas the medial blade of the dentate gyrus was spared in 9 rats. In the ventral parts of the hippocampus, all rats showed sparing of the lateral blade of the dentate gyrus, as well as the most ventral parts of the CA1 and CA3. The mean amount of cell loss in the dorsal and ventral hippocampus in the what-when condition was 86% and 45%, respectively.
Across the what-where and what-when conditions, no damage was present in the mediodorsal and laterodorsal thalamic nuclei in any of the rats. However, in a similar way to Experiment 1, some limited damage was present dorsal to the hippocampus in the primary and secondary motor areas, the deep layers of the primary somatosensory area, the parietal region of the posterior association area, and parts of the primary and rostrolateral visual areas. Limited damage to the dysgranular retrosplenial cortex was seen in 3 rats in the what-where condition and 7 rats in the what-when condition.
Summary. The results of Experiment 2 show that rats with sham lesions and lesions of the hippocampus exhibit higher levels of fear to the visual context or the time of day associated with the revalued auditory stimulus compared with the visual context and time of day associated with the nonrevalued auditory stimulus. This pattern of results, along with previous work (Iordanova et al., 2009) , shows that rats with hippocampal lesions are perfectly able to process and discriminate the visual contexts and the times of day and that they are capable of learning to associate these contextual and temporal cues with auditory stimuli. A noteworthy feature of Experiment 2, in which there was no effect of hippocampal lesions, is that the procedures were very well matched to those of Experiments 1A and 1B, in which lesions to the hippocampus had a profound effect (cf. Iordanova et al., 2009) . The basis for this dissociation will be the focus of interest in the General Discussion.
General Discussion
One of the enduring debates within theoretical analyses of animal learning is how patterns of stimulation are represented. Elemental analyses assume that the presentation of a pattern generates activity in a set of elements among which links can form. According to this analysis, the linked set of elements now represents the exposed pattern, allowing future presentation of a subset of its elements to engender activity in the entire set of elements. This view can be traced to Hebb (1949) , but it has been developed in several important ways more recently (e.g., McLaren & Mackintosh, 2002; Wagner, 2003) . Configural analyses also assume that the presentation of a pattern generates activity across a set of elements but supposes that these elements are bound together by their capacity to activate a shared, independent configural unit: The links to this unit represent the exposed pattern (cf. Pearce, 1994) . Given that many of the basic assumptions of these two classes of account are shared (i.e., stimulus patterns activate sets of elements that become linked) it is perhaps unsurprising that it has proven difficult to assess which provides the most accurate account of mnemonic integration. The results of the current series of experiments join those of Iordanova et al. (2009) in providing support for the suggestion that both elemental and configural processes underpin pattern memory. It is important to note that Experiments 1 and 2 do so under conditions in which the demands placed on pattern separation processes in the elemental and configural procedures have been equated (cf. O'Reilly & McClelland, 2004) . Before considering the theoretical implications of these results in more detail it is appropriate to briefly describe them. As already indicated, the procedures used in the experiments were very similar, but the impact of pretraining lesions to the hippocampus on the resulting test performance differed markedly.
In each of the experiments, rats received sham lesions or lesions of the hippocampus, and then received exposure to four patterns of stimulation: two contexts (spotted and checked) in the morning and the same two contexts in the afternoon. On each day of exposure, rats also received presentations of two auditory stimuli (tone and clicks). The critical difference between Experiments 1A and 1B, on the one hand, and Experiment 2, on the other, was which aspects of the four context ϩ time of day patterns indicated whether a tone or clicks would be presented. In Experiments 1A and 1B, the configuration of the context and the time of day were critical: For example, in the morning, the tone was presented in the spotted context, and the clicks were presented in the checked context, but in the afternoon the reverse was the case. In contrast, in Experiment 2 the context or time of day was critical: For example, the tone was always presented in the spotted context (irrespective of the time of day) or was always presented in the morning (irrespective of the context). Following this exposure stage, at midday rats received a revaluation procedure that involved one of the auditory stimuli (e.g., the tone, but not the clicks) being paired with shock. Finally, rats received test trials in which both contexts were presented in the morning and afternoon. In each of the experiments rats that had received sham lesions showed more fear to the context ϩ time of day configurations (Experiments 1A and 1B) or components of these configurations (Experiment 2) that had been paired with the revalued stimulus. However, although rats with hippocampal lesions showed more fear to the context or time of day paired with the revalued auditory stimulus in Experiment 2, there was no sign that they encoded the context ϩ time of day configuration in which the revalued stimulus had been presented in Experiment 1.
The pattern of results from Experiments 1 and 2, taken at face value and taken together, provide support for the view that memories for patterns of stimulation can be supported by either elemental or configural associative structures. This state of affairs is illustrated in Figure 5 . According to this analysis, when sham rats were exposed to a pattern of stimulation, the set of elements that become active (e.g., morning, spotted, tone) are linked to one another both directly and indirectly via their shared capacity to activate a separate configural unit (denoted by MST for morning ϩ spotted ϩ tone). It is assumed that later exposures to other patterns will influence the strength of the direct connections. In the case of Experiments 1 and 2, the elemental links between the components might become less effective, either because some form of elementary inhibitory learning overlays the excitatory elemental links (cf. McLaren et al., 1989) or through the weakening of the excitatory links. Now, when the tone is paired with shock in Experiments 1A and 1B, the configural unit MST will become active and linked to shock, and this will allow rats to show fear when they are placed in the spotted context in the morning. In Experiment 2, however, the spotted-tone (in the what-where procedure) or the morningtone link (in the what-when procedure) will be strengthened over the course of training. In this case, after the tone has been paired with shock, the spotted context (in the what-where procedure) or the morning (in the what-when procedure) will provoke fear because they are directly and strongly linked to the memory of the revalued tone. If it is assumed that rats with hippocampal lesions were unable to form or activate configural representations (e.g., MST), then they should show precisely the pattern of dissociations observed in Experiments 1 and 2. That is, their test performance should be based solely on the pattern of elemental links between the components of the various trials, which will allow them to show appropriate performance during the test when elemental links can provide a basis for this performance (e.g., Experiment 2), but not when configural processes are required (e.g., Experiment 1A).
The analysis outlined in the preceding paragraph and depicted in Figure 5 leaves many issues unresolved. For example, as described, there is no interaction between elemental and configural processes (cf. O'Reilly & Rudy, 2001; . Similarly, no assumptions are made about how the links between the three elements and a given configural unit change when subsets of these elements are presented alone. On the basis of the results that we have presented, the fact that rats in Groups Hippocampal and Sham have very similar levels of test performance when such performance can be based on elemental links, might be taken to imply that the formation of elemental links are not influenced by the concurrent development of configural representations. That is, the results suggest that in control rats the two forms of learning proceed in parallel and do not interact (but see lordanova et al., in press).
It should be acknowledged that the conclusions reached on the basis of the use of the current stimuli and procedures might have restricted generality. For example, the disruption to configural learning observed following hippocampal lesions in Experiment 1, that used somewhat unusual training patterns (see also, Iordanova et al., 2009) , are by no means routinely observed in more standard configural learning procedures (e.g., Coutureau, Killcross, Good, Marshall, Ward-Robinson, & Honey, 2002; Davidson, McKernan, & Jarrard, 1993; Gallagher & Holland, 1992; McDonald et al., 1997 ; but see Good & Honey, 1991; McDonald et al., 1997; . Having said this, we do have further evidence that is consistent with our analysis of the role of the hippocampus, using the current paradigm. First, disrupting synaptic transmission in the hippocampus at test results in a dissociation of elemental and configural retrieval (see Iordanova et al., 2009) ; and more recent evidence also indicates that the same dissociation is observed when synaptic transmission in the hippocampus is disrupted during revaluation (Iordanova et al., in press ). This final observation is specifically consistent with the view, expressed above, that the effect we have observed at test in the what-wherewhen procedure reflects the fact that a retrieved configural representation was linked to shock during the revaluation stage.
The idea that forming memories of patterns of sensory stimulation might involve either elemental or configural processes is one that has been entertained on several occasions (e.g., Allman & Honey, 2006; Lin & Honey, 2010; Rescorla & Cunningham, 1978; Rescorla & Durlach, 1981) . The results of Experiments 1 and 2 provide a compelling basis for the view that, at least under some conditions, both types of process operate. This view is clearly consistent with Sutherland and Rudy's (1989) theoretical analysis of associative learning, as being supported by elemental and configural processes, and with their view that the hippocampus has a specific contribution to configural learning. Our results suggest that this form of analysis might be apposite in the case where mnemonic integration involves sources of information associated with episodic memory.
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